The thermodynamic properties and electronic structure of hydrated Ra 2+ have been investigated using ab initio quantum chemical calculations that apply the relativistic model core potential method and compared with those of the other hydrated divalent alkaline earth metal ions (Mg 2+ , Ca 2+ , Sr 2+ , and Ba 2+ ). The solvation free energies calculated for [Ra (H 2 O) n ] 2+ (n = 1-9) in a continuum dielectric media (semi-continuum model) showed that the hydration number of Ra 2+ is in the range of 7-9. Natural population analysis (NPA), natural bond orbital (NBO) analysis and localized molecular orbital energy decomposition analysis (LMO-EDA) showed that the dominant interaction between hydrated Ra 2+ ions and solvent water molecules is electrostatic interaction to form coordination bonds which have a strong ionic bond character. On the other hand, not only electrostatic interaction but also covalent interaction accompanying chargetransfer from solvent water molecules to the central ion are important in the interaction between hydrated Mg 2+ or Ca 2+ (lighter divalent alkaline earth metal ions) and solvent water molecules.
in gas-phase conditions. The information that we could obtain in relation to the hydration of Ra 2+ was that for the hydrates of the other divalent alkaline earth metal ions. The hydration numbers of the divalent alkaline earth metal ions have been experimentally reported to be 6.0 [4] [5] [6] , 6.0-8.0 [7] [8] [9] , 7.3-15.0 [10] [11] [12] [13] , and 7.8-9.5 [14, 15] for Mg 2+ , Ca 2+ , Sr 2+ , and Ba 2+ , respectively. These results have also been well reproduced by theoretical methods [12, 14, [16] [17] [18] [19] [20] [21] [22] [23] [24] . Taking into account the hydration numbers for the other alkaline earth metal ions and the atomic radii of Ra, we could expect the hydration number of Ra 2+ to be similar to that of Ba 2+ . As the use of computational chemistry allows us to avoid the risks associated with the handling of radioactive Ra 2+ , it was expected to be the best method to increase our understanding of the basic physical chemistry of Ra 2+ . In this study, we studied the first solvation shell of hydrated Ra 2+ using the relativistic model core potential method, as previously reported [25] . In the real hydration of Ra 2+ , the hydrolysis reaction accompanying deprotonation of the solvent water is expected to form hydroxide species. In this study, however, we only focused on the structure of the first solvation shell of hydrated Ra 2+ , the first step in understanding Ra 2+ ion hydration.
Computational Details
First, geometry optimizations at the ab initio HF, MP2 and density functional B3LYP [26, 27] and LC-BLYP [28] levels of theory were performed for [AE (H 2 O) n ] 2+ (AE = Mg, Ca, Sr, Ba, and Ra; n = 1-9), which are model compounds of hydrated divalent alkaline earth metal ions. In this study, we focused on interactions between the central alkaline earth metal ions and solvation water molecules in the first hydration shells. The explicit hydration beyond the first shell is out of the scope of this study. Thus, only water molecules in the first hydration shell were explicitly treated in the model systems, and the solvent effects from the outer hydration shells were taken into account using the conductor-like polarizable continuum (C-PCM [29] [30] [31] [32] ) method (semi-continuum model [33, 34] ). The static dielectric permittivity of liquid water (ε = 78.39 at 298 K) was used to define the dielectric medium in C-PCM calculations.
The cavity enclosing the hydrates was built using the following radii: 1.20, 1.52, 1.60, 1.97, 2.15, 2.17, and 2.23 Å for H, O, Mg, Ca, Sr, Ba, and Ra, respectively [35] . These values were multiplied with a standard factor of 1.2 in order to take into account the fact that the atomic bond or lone pair centers of the solvent molecules are normally located slightly farther from the solute atoms than their van der Waals radii [36] . We used the scaled atomic radii in the geometry optimizations with C-PCM method.
Even our scope was limited within first hydration shell, to take into account structural entropy in a proper manner is important to model hydration shell. Prior to performing geometry optimization at the quantum chemical level, we performed classical molecular dynamics simulations of AE 2+ (AE = Mg, Ca, Sr, Ba, and Ra) in small water droplet using MMFF94X force field [37] which is implemented in MOE program package [38] (NVT ensemble; T = 300 K). Then we performed several geom- The basis sets used throughout this study were 6-31G (d,p)
for O/H [48, 49] and MCPdzp for the central alkaline earth metals [25] , where MCPs are valence only relativistic model core potential basis sets that are used to reduce computational costs arising from chemically inert core electrons and to take into account scalar relativistic effects. The MCP method is one of the unique pseudo-potential methods, which properly reproduces nodal structures of valence orbitals that are important for accurate treatment of various molecular properties within pseudopotential approximations [25, [50] [51] [52] [53] [54] [55] .
In the MCP method, the electronic Hamiltonian
is chosen as follows:
with the one-electron Hamiltonian term defined as:
where Z is the atomic number of the atom and N c is the number 
where ε c is the orbital energy of the core orbital and F is taken (3) prevents the valence orbitals from collapsing into the core region, and may also be regarded as an energy shift operator. By the use of this operator, the energy levels of core electrons are shifted far above zero energy, thus allowing for finding, in each symmetry, the lowest valence orbitals with appropriate nodal structure.
In the MCPdzp for alkaline earth metals, (ns) 2 
Results and Discussion

Optimized structures of [AE (HO) n ] 2+ (AE = Mg, Ca, Sr, Ba, and Ra; n = 1−9)
The optimized structures, the AE-O bond lengths and the aver-
Ca, Sr, Ba, and Ra; n = 1-9) are given in Figure 1 and Table 1 averaged AE-H 2 O binding energies were predicted to be very similar among the HF, MP2, and B3LYP levels of theory. Even LC-BLYP level of theory predicted larger binding energies than these levels, the tendency to cluster size (n) is quite similar.
The differences of the AE-O bond length among the calculation methods were within 0.1 Å. A plausible reason for the AE-O bond elongation is the mutual repulsion of donor orbitals on the water molecules.
Solvation free energy and hydration numbers of AE 2+ (AE = Mg, Ca, Sr, Ba, and Ra)
To investigate the hydration structures of alkaline earth metal ions in finite temperature conditions, it is necessary to evaluate the solvation free energies of the ions. To do this, we have to take into account two types of solvent effects, specific and long-range solvent effects. The former is a solvent effect from the water molecules that directly coordinate to the central AE 2+
to form the first hydration shell, and the latter is a solvent effect from the water molecules in the outer hydration shells. We could not use [AE (H 2 O) n ] 2+ (n = 1-5) for evaluating solvation free energies of AE 2+ , since only a part of the first solvation shell was described explicitly and the remaining part was treated via a C-PCM implicit solvation model in the smaller models. To obtain more realistic solvation free energies of AE 2+ , we chose a set of larger models, [AE (H 2 O) n ] 2+ (n = 6-9), in which the water molecules completely surround the central AE 2+ .
Theoretically calculated hydration energies of AE 2+ (AE = Mg, Ca, Sr, Ba, and Ra) obtained by the semi-continuum cluster models are given in Table 2 . In Table 2 , only the LC-BLYP level results were given, as HF, MP2, and B3LYP gave similar structures and binding tendencies as mentioned in the previous section (See Tables S1-3 in supporting information). Table 2 shows that all divalent alkaline earth metal ions have negative [36] . Although we obtained ca. 30-40 kcal mol −1 errors compared with the experimental ones due to the use of the semi-continuum models, we could theoretically reproduce the experimental order for non-Ra 2+ divalent alkaline earth metal ions in a qualitative manner (see Table 2 ). As we could obtain at least qualitative accuracy with the semi-continuum models, we are able to safely discuss Ra 2+ hydration, for which there has been no experimental or theoretical study to date. As shown in 
Differences in hydration character among divalent alkaline earth metal ions
As discussed in the previous section, the ΔG solv values for the divalent alkaline metal ion series decrease monotonically with increasing atomic number. As shown in Table 2 , the difference mainly originates from the difference in the ΔG cluster term, which is the formation free energy of the hydrated metal ion cluster. This means that the difference in hydration mechanism among the divalent alkaline metal ions can be well explained by the difference in chemical interactions between the metal ions (AE 2+ ) and solvent water molecules in the first hydration shell. In this section, we compare the AE 2+ −water interactions and discuss the physicochemical differences in hydration using NPA, LMO-EDA and NBO results.
We found that the magnitudes of decrements in positive charge on AE 2+ are inversely proportional to the atomic num-bers of the alkaline earth metal ions (See Table S4 in supporting information). The tendency can be explained by the difference in the valence electronic structure of AE 2+ . Figure 2 shows the LUMO energy levels of bare AE 2+ , which are s-type orbitals Ra) are given in Figure 3 . Due to the absence of solvent effects and structural change upon coordination, the interaction energies predicted by the LMO-EDA were much larger than the binding energies and solvation free energies predicted with the semi-continuum models (see Tables 1 and 2 ). Although the interaction energies were predicted to be larger, we observed similar metal ion dependencies between the interaction energies and binding/solvation free energies. Thus, we used gasphase calculation data to provide a detailed understanding of the chemical bonding character between the divalent alkaline earth metal ions and solvent water molecules.
As shown in Figure 3 , the total chemical interaction between an alkaline earth metal ion and a water molecule becomes weaker with increases in the atomic number of the alkaline metal. Figure 3 Figure 3 show that the ΔE pol terms, which include not only polarization interaction (POL) but also charge-transfer interaction (CT) terms, are the second largest energy component for chemical bonding between the divalent alkaline earth metal ions and water molecules. Figure   3 also shows that ΔE pol is larger for lighter alkaline earth metals. However, the CT interaction terms were not well separated from the POL terms in the LMO-EDA scheme reported by Li et al. [44] . Thus, to clarify the importance of CT interaction, i.e., covalent interaction in the coordination process, we performed second-order perturbation theory analyses of the Fock matrix in natural bond orbital (NBO) basis [45] . 2+ . In these heavy alkaline earth metal ion 
Concluding Remarks
The geometries, thermodynamic stabilities, and electronic structures of hydrated divalent alkaline earth metal ions (AE 2+ ; AE = Mg, Ca, Sr, Ba and Ra) were theoretically investigated using quantum chemical calculations at the HF, MP2, B3LYP and LC-BLYP levels of theory through the application of a relativistic model core potential (MCP) method. We observed reasonable agreement between our results and previous experimental results for hydrated non-Ra 2+ metal ions. The heaviest divalent alkaline earth metal ion, the Ra 2+ ion, the hydration number of which has not been observed experimentally, was predicted to be in the range of 6-9. The solvation free energy of hydrated Ra 2+ was calculated to be ca. −310 kcal mol −1 , which was the weakest among the hydrated divalent alkaline metal ions. The chemical interaction between hydrated Ra 2+ and solvent water molecules mainly consists of electrostatic interaction to form 
